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In the thermal imidization of an alternating inorganic-organic hybrid network, there is an 
inverse relationship between the length and flexibility of the organic bridges and the extent 
of the layer shrinkage. The hybrid material studied here consists of polyhedral oligomeric 
silsesquioxanes that are covalently bridged by amic acid groups. During heat treatment, 
shrinkage of the materials occurs due to the removal of physically bound water, imidization 
of the amic acid groups, and silanol condensation. For five different bridging groups with 
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different lengths and flexibilities, comparable mass reductions are observed. For the 
shorter bridging groups, the dimensional changes are hindered by the limited network 
mobility. Longer, more flexible bridging groups allow for much greater shrinkage. The 
imidization step can be described by a decelerating reaction mechanism with an onset at 
150 °C and shows a higher activation energy than in the case of entirely organic 
polyimides. The differences in the imidization kinetics between hybrid and purely organic 
materials demonstrates the need for close study of the thermal processing of hybrid, hyper-
cross-linked materials.  
Introduction 
Hybrid network materials exhibit properties that are distinct from their individual organic and 
inorganic constituents. These unique properties are a result of the interplay between flexible 
organic bridges and rigid inorganic domains.1-3 Due to their chemical and thermal stability, 
aromatic imides are relevant candidates for the organic component in hybrid polymers. Most of 
these hybrid polyimides are based on sol-gel-derived silica-imide networks4, 5 or polyhedral 
oligomeric silsesquioxane (POSS)-derived materials. These POSS-derived materials can consist 
of a network of alternating POSS and imide groups,6-8 POSS cages that are covalently bound to 
oligomeric imides,9-13 or POSS cages that are tethered to a polyimide main chain as side or end 
group.14, 15  
To synthesize polyimide-based hybrid polymers, poly(amic acid) precursors are thermally 
processed to convert the amic acid groups to chemically and thermally robust imide groups. 
Compared to fully organic poly(amic acid)s, differences in the mobility of the functional groups 
in the hybrid material can strongly affect the imidization reaction kinetics and structural 
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rearrangements.8 Therefore, a thermal processing strategy designed for an organic imide cannot 
simply be applied to its hybrid counterpart. Only a few studies have reported on the changes in 
the physical properties during thermal treatment of hybrid polyimides.10, 16, 17 Often, only the 
properties before and after the imidization step are measured, and the mechanisms of the 
thermally activated processes remain a black box.  
Optimization of the thermal treatment step is crucial for obtaining a fully imidized material 
without significant decomposition of the organic moieties. Thermal imidization of hybrid imides 
most often needs to be performed in the solid state because of the limited solubility of the highly 
cross-linked networks. Solid-state thermal imidization has been studied ex situ using UV-vis,18, 19 
infrared,19 and Raman spectroscopy.20 In situ tracking of the imidization can be performed using 
TGA-MS,21 in situ infrared spectroscopy,22 and interferometry.23-25 The resulting data can be 
used to study the reaction kinetics. Past studies on these reactions unanimously agree on a 
decelerating reactivity;20, 26-29 first-order reaction models26-28 and diffusion models29 have both 
been proposed. Most of these studies were performed on bulk materials, but in many 
applications, the materials are used as thin films. The length-scale confinement in ultra-thin films 
can affect the time scale of diffusion-limited processes and, thus, result in different apparent 
kinetics. 
Here, we explore the concurrent imidization and structural rearrangements of ultrathin POSS-
based hybrid materials using a combination of time-resolved techniques. The changes to the 
materials chemistry in the bulk have been studied via TGA-MS, allowing for the assignment of 
the mass loss processes to specific chemical reactions. Thermo-ellipsometric analysis (TEA) has 
been applied to follow the changes in the layer thickness and refractive index during thermal 
treatment. To assess the influence of the organic moiety on the behavior of the hybrid material, 
  4
the five different organic linking groups given in Scheme 1 were studied. We conclude that the 
length and flexibility of the dianhydride precursor is an important factor that influences the 
network mobility during the imidization reaction, resulting in lower density films for shorter 
bridges. 
Scheme 1. Structural formulas of the dianhydrides used as precursors for the crosslinking POSS-
cages. 
 
Experimental 
Synthesis of poly[POSS-(amic acid)]s via interfacial polymerization. Toluene (anhydrous 99.8%, 
Sigma-Aldrich), 4,4-(hexafluoroisopropylidene) diphthalic anhydride (6FDA, Sigma-Aldrich), 
pyromellitic dianhydride (PMDA, Sigma-Aldrich), 3,3',4,4'-biphenyl tetracarboxylic dianhydride 
(BPDA, Sigma-Aldrich), 4,4'-oxydiphthalic anhydride (ODPA, Sigma-Aldrich), 4,4’-(4,4’-
isopropylidene diphenoxy) bis(phthalic anhydride) (BPADA, Sigma-Aldrich), ammonium 
chloride-functionalized POSS (octa-ammonium POSS®, Hybrid Plastics) and sodium hydroxide 
(NaOH, Sigma-Aldrich) were used as received. The POSS was dissolved in water. To partially 
convert the ammonium groups to reactive amine groups, the pH was adjusted to 9.9 using 1 M 
NaOH. Bulk poly[POSS-(amic acid)] was prepared by vigorously stirring a mixture of a 0.9 wt-
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% aqueous solution of octa-ammonium POSS and a 0.075 wt-% dianhydride solution in toluene, 
which was filtered to remove any undissolved dianhydride. After reacting for several hours, the 
poly[POSS-(amic acid)] was removed from the toluene and water by vacuum filtration using a 
Büchner funnel, followed by rinsing with acetone to remove residual reactants. Poly[POSS-
(amic acid)] membranes were prepared via interfacial polymerization on top of γ-alumina-coated 
α-alumina discs. The α-alumina discs were pre-wetted with the 0.9 wt-% aqueous POSS solution 
for 15 min under a 500-mbar vacuum, followed by drying for 30 min at room temperature. 
Subsequently, a solution of the dianhydride in toluene was poured onto the discs. After 5 min, 
the toluene was removed, and the samples were rinsed with acetone.  
The structures and properties of the poly[POSS-(amic acid)] and poly(POSS-imide) samples 
were determined using infrared spectroscopy, X-ray photoelectron spectroscopy, differential 
scanning calorimetry, atomic force microscopy and gas permeability at elevated temperatures in 
previous work on these hybrid materials.6, 30  
Characterization of mass loss and decomposition. Thermogravimetric analysis (TGA) was 
performed using an STA 449 F3 Jupiter® (Netzsch), equipped with a TG-only sample holder. 
Measurements were performed under 70 ml min-1 N2 flow with a heating rate of 20 °C min-1 
from 50 to 1200 °C. Temperature calibration was performed using melting standards. 
Measurements were run sample-temperature controlled. The sample masses were determined 
using an internal balance exactly 30 min after inserting the sample. A consistent residence time 
in the purge gas prior to measurement was found to be a crucial parameter to obtain reproducible 
TGA graphs. The gases that evolved during the thermogravimetric analysis were transferred to a 
mass spectrometer (QMS 403 D Aëolos®, Netzsch). TGA and MS start times were synchronized, 
but no correction was applied for the time offset caused by the transfer line time (estimated < 30 
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sec, systematic offset). First, a bar graph scan for m/z = 1-100 amu was recorded for all 
poly(POSS-amic acid) samples in the N2 atmosphere to determine the evolving m/z numbers 
(data not shown). The detected m/z numbers were selected and recorded more accurately in 
multiple-ion-detection mode with a dwell of 0.5 sec per m/z value at a resolution of 50.   
Kinetic analysis. The samples that were designated for kinetic analysis were stored under 
vacuum at 30 °C for 24 hours prior to analysis to remove any sorbed water. The measurements 
were performed using a N2 flow rate of 70 ml min-1 with heating rates (β) of 5, 10, 15, and 20 °C 
min-1 over the range from 50 to 1200 °C. Blank corrections with an empty cup were performed at 
every heating rate. The mass loss was converted to the normalized conversion (α). The activation 
energies were determined using the modified advanced isoconversional method that allows for 
analyzing non-linear temperature programs and variations in the apparent activation energy with 
α.31-33 The resulting activation energies were used as starting values for multivariate analysis of 
the kinetics using a multistep parallel reaction model described by 
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Equation 1 was fit by minimizing the residual sum of squares (RSS) between the data and the fit 
using the patternsearch algorithm in Matlab. The individual steps were fitted with 14 different 
reaction models,34 and the resulting RSS were used to determine the most accurate reaction 
model. Using the selected reaction models, all steps were fitted simultaneously, with Ai, Ea,i, and 
wi as fitting parameters for every individual step i, where the sum of the weights wi was set to 1.  
Characterization of the thin films using thermo-ellipsometric analysis. The thicknesses and 
refractive indices of the poly[POSS-(amic acid)] films were measured as a function of time and 
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temperature to track the progress of the thermal imidization. Measurements were performed on 
an M2000-X ellipsometer (J.A. Woollam Co.) equipped with a temperature-controlled hot-stage 
(HCS622, INSTEC), calibrated using melting point standards. The spectroscopic ellipsometry 
measurements were conducted in the full wavelength range of 210 – 1000 nm. For the room 
temperature measurements, spectra were recorded with 65°, 70°, and 75° angles of incidence; 
measurements at elevated temperatures were performed under a single angle of incidence of 70°. 
During the experiments, the hot stage was continuously purged with ultrapure N2. Prior to the 
thermal treatment, the films were held under vacuum in the measurement cell for two hours at 
100 °C, followed by a 30-minute dwell at 50 °C. Subsequently, the samples were heated to 300 
°C at a heating rate of 5 °C min-1. The sample was held at 300 °C for at least 6 hours to ensure 
completion of the imidization process. After the dwell, the sample was cooled to room 
temperature at the fastest attainable cooling rate (> 50 °C min-1).  
TEA data analysis. CompleteEASE (v.4.86, J.A. Woollam Co.) was used for the data analysis. 
The optical model used to model the layer on top of the γ-alumina-coated α-alumina disc is 
visualized in Figure 1. The layered optical model was constructed by first measuring the bare 
substrate and, subsequently, measuring each individually applied layer. All layers are 
characterized by their thickness d and their refractive index n(λ). The wavelength-dependency of 
n is modeled by an optical dispersion. Due to light scattering below  = 500 nm, the wavelength 
range was limited to 500-1000 nm.  
The α-alumina disc was modeled using Bruggeman’s Effective Medium Approximation (EMA) 
of alumina35 and void (n = 1) with porosity Φvoid,substrate. The roughness of the ceramic disc is 
modeled by a gradient in the porosity;36 this layer is converted to an intermix layer between the 
α-alumina substrate and the -alumina coating to model infiltration of the coating layer into the 
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substrate. The -alumina layer was also modeled using an EMA of alumina and void (n = 1) with 
porosity Φvoid,γ-alumina. The layer thickness and refractive index of the poly[POSS-(amic acid)] 
layers were modeled by a Cauchy optical dispersion, assuming transparency of the hybrid 
material in the wavelength range of 500-1000 nm. In the final fit, the thickness and optical 
dispersion were fit using the porosity of the γ-alumina layer and the porosity of the interlayer. 
Inclusion of the latter two parameters is required to correct for the changes in the residual water 
content in the γ-alumina pores.  
 
Figure 1. Optical model of a poly(POSS-imide) layer on top of a γ-alumina-coated α-alumina 
disc. The cross-section scanning electron micrograph of the supported layer shows the distinct 
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morphology of the dense poly(POSS-imide) layer, the 1.5-μm γ-alumina layer and the 
macroporous α-alumina support. 
Results and discussion 
Imidization and thermal stability of the poly[POSS-(amic acid)] groups. The successful synthesis 
of poly[POSS-(amic acid)]s has been reported previously.6, 30 The poly[POSS-(amic acid)] can 
be converted to poly(POSS-imide)s by heating. The conversion of amic acid groups to imide 
groups is accompanied by the release of water [Scheme S1, Supporting information]. Figure 2 
shows the mass loss and the primary evolved gases upon heating for five different poly[POSS-
(amic acid)]s. All five materials display a mass loss in four different mass steps, indicated by 
bold numerals (1, 2, 3, and 4) throughout the manuscript. Every step involves the loss of water 
from the material. The first three steps occur below 350 °C and are attributed to the removal of 
physically bound water (1), amic acid condensation and/or imidization (2), and dehydroxylation 
due to silanol condensation (3). A fourth step, recorded at temperatures exceeding 350 °C, 
involves the thermal decomposition of the hybrid material (4). These four steps will be discussed 
in more detail.  
The removal of physically bound water (1) occurs from room temperature to ~250 °C. The CO2 
that is released during this step can originate from a decarboxylation reaction of either unreacted 
carboxylic acid groups or non-cyclized amic acid groups. Additionally, CO2 may have been 
sorbed by the POSS-material, leading to CO2 release at low temperatures. 
The imidization of the material (2) occurs in the temperature range 150-300 °C, agreeing well 
with previous observations by infrared spectroscopy of the imidization temperature range of 
these hybrid polyimides.6 This step can overlap with the condensation of amic acid moieties of 
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hydrolyzed or partially reacted organic bridges. Subsequently, these newly formed amic acid 
groups are available as additional groups for imidization. Mainly water evolves during step 2. 
The water loss is higher than would be expected based on an imidization step alone. Because the 
drying overlaps with the imidization (2) step, the mass loss below 300 °C can be associated with 
both drying and imidization. For the ODPA and 6FDA-based samples, a small amount of organic 
components is also detected. These components may be the result of the sublimation of 
unreacted organic groups.  
It is unlikely that the water release during step 3 corresponds to a distinct second imidization 
step. Although the imidization is reported to occur via a two-step reaction (see, e.g., 27), these 
steps are reported to directly follow each other. This step would then be detected as a unimodal, 
non-Gaussian peak, rather than a bimodal peak. Therefore, we hypothesize that the water release 
originates from a condensation reaction of silanol groups. The silanol groups are formed via the 
partial hydrolysis of POSS cages in the presence of NaOH in the aqueous solution used for 
interfacial polymerization.6, 37, 38 The silanol condensation is supported by the observed 
disappearance of the silanol absorbance band and simultaneous manifestation of POSS cage and 
ladder bands in the attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR) measurements [Scheme S2 and Figure S1, Supporting information]. 
The onset of the decomposition (4) at ~350 °C is found at the same temperature for all of the 
different organic materials. This observation suggests that the weakest link is found in the POSS-
precursor. Theoretically, the aliphatic propyl-chain connecting the POSS-cage to the amine 
group is expected to have the lowest thermal stability.39 The detection of C3Hx components 
during the decomposition step in the TGA-MS analysis at lower temperatures than any other 
evolved organic components suggests that the propyl-group in the POSS-cage indeed forms the 
  11
weakest link. Although the majority of the decomposition occurs between 350 and 650 °C, a 
minor mass loss associated with the release of CO2 and methane is found to continue up to 1200 
°C, indicating that organic groups are still present at these temperatures.  
In Figure 2 (bottom right graph), the mass loss curve of the 5 different poly[POSS-(amic acid)]s 
are compared in the temperature range 50-400 °C. The relative mass loss up to 300 °C, which is 
associated with drying (1), imidization (2), and silanol condensation (3), is comparable for all of 
the poly[POSS-(amic acid)]s. The similarity in the mass losses can be rationalized by the similar 
number of amic acid, unreacted amine, and silanol groups in all samples, as was apparent from 
the XPS analysis in previous studies.30 Because the high molar mass of the POSS-cages 
dominates the mass of the polymer, the differences in the masses of the organic bridges will only 
have a marginal influence on the differences in the molecular weights of the synthesized 
network. As a result, the relative amount of mass released during imidization and silanol 
condensation will also be similar. Moreover, because the physisorbed water will mainly be 
present at the amic acid and amine groups and the number of these groups is similar for these 
materials, this amount will be comparable for all of the materials. Therefore, the sum of the 
drying, imidization, and silanol condensation processes result in similar mass losses, irrespective 
of which organic bridging groups is considered.  
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Figure 2. (all except for the bottom right graph) TGA-MS data: the relative mass and the 
differential mass loss (top panels) and the evolved gases (bottom panels) as a function of 
temperature for the poly[POSS-(amic acid)]s prepared using the different dianhydrides. All 
samples were heated under N2 at 20 °C min-1. Overviews of all m/z signals can be found in 
Figures S5-9 of the Supporting information. (bottom right graph) Comparison of the changes in 
sample mass as function of the temperature for the different bridging groups.  
Imidization of thin layers. Accurate determination of the film thickness and density during 
thermal imidization is required to understand the mechanism of the imidization process in thin 
films. In particular, the role of the length and flexibility of the organic bridging group on the 
structural reorganizations is investigated. Figure 3 shows the relative changes in the thicknesses 
of the different poly[POSS-(amic acid)]s during heating under nitrogen. 
 
Figure 3. (left panel) Relative thicknesses during the conversion of the poly[POSS-(amic acid)]s 
to poly(POSS-imide)s as a function of temperature, and (right panel) dwell time at 345 °C after 
heating from 50 to 345 °C at a heating rate of 5 °C min-1. The absolute thickness values are given 
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in Figure S2, Supporting information. The optical model is validated by a duplicate measurement 
of the ODPA-based poly[POSS-(amic acid)] [Figure S3, Supporting information]. 
Upon heating, the thicknesses of all of the layers decrease. The stepwise shrinkage is in 
agreement with the stepwise mass loss. The hybrid materials display a smaller shrinkage than 
their organic counterparts.40 For these organic polyimides, shrinkage is governed by the amount 
of residual solvent remaining after preparation by conventional solution polymerization and 
casting. In contrast, for the hybrid materials, the dense nature of the interfacial polymerization 
layer likely results in smaller amounts of residual solvent, resulting in the observed smaller 
shrinkages. The large degree of shrinkage outweighs the contributions from thermal expansion to 
the thickness. Only two distinct steps were recorded for the shrinkage: The drying step (1) 
recorded in the TGA experiment takes place during the pretreatment of the film at 100 °C and is 
not recorded in this measurement. The onset of the first shrinkage is recorded at 125 °C, and the 
process continues up to ~225 °C. A larger decrease in the thickness is recorded during further 
heating to 345 °C, resulting from the concurrent imidization (2) and silanol condensation (3). At 
this temperature, the reaction driving the shrinkage is kinetically hampered, as is evident from 
the shrinkage that persists for several hours of dwelling at 345 °C. The observation that the 
shrinkage rate decreases in time during the isothermal treatment is indicative of a decelerating 
reaction.41 For the layers prepared with short and rigid dianhydride bridges (PMDA, BPDA and 
ODPA), the thickness changes last for longer than 10 hours of dwell time (not shown in graph). 
In contrast, for the longer dianhydride bridges (BPADA, 6FDA), the changes in thickness 
stabilize within 4 hours of dwell time. The final relative thickness changes the most for 6FDA, 
followed by the others in the order 6FDA ≈ BPADA > ODPA > BPDA ≈ PMDA. The 
shrinkages are most pronounced for the longest bridging groups because the larger spacing 
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between the POSS-cages and higher flexibility of the long groups allows for larger and faster 
structural rearrangements. The lengths of the functional units and flexibility of the chain has 
been determined for polyimide bridges by the coherence length along the chain axis.42 For the 
studied bridges, the coherence lengths from smallest to largest are PMDA < BPDA < ODPA < 
BPADA. The coherence length for 6FDA is not measurable because its bulky character 
significantly distorts the chain of the polyimide. The differences in length and flexibility are also 
reflected in the linear thermal expansion coefficients that are larger for the longer bridges and 
smaller for the shorter bridges (Table S1, Supporting information). For solid-state reactions, 
decelerating reactions are typically described using a reaction order or diffusion model. The 
strong dependency of the shrinkage on the length and flexibility of the dianhydride bridge could 
indicate that diffusional limitations are the main reason for the decelerating rate.43  
The smaller shrinkage displayed by the layers with shorter bridging groups are indicative of 
more free volume in the imidized material, which is confirmed by a stronger decrease of the 
refractive index of the materials with short bridging groups. Figure 4 shows the evolution of the 
relative refractive index of the layers during heating. For all layers, the refractive index decreases 
upon heating. In agreement with the mass and thickness changes, the refractive index change 
occurs in a stepwise manner. The concurrent decreases in the refractive index and thickness are a 
typical indication of the removal of a component from a matrix.  
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Figure 4. (left panel) Relative refractive index at 632.8 nm of the poly[POSS-(amic acid)] as a 
function of temperature, and (right panel) the dwell time at 300 °C after heating from 50 to 
300 °C at a heating rate of 5 °C min-1. The absolute refractive index values are given in Figure 
S2, Supporting information. 
The relative refractive index changes differ significantly among the different layers. The 
relative changes in the refractive index are the largest for BPDA, followed by the others in the 
order BPDA > PMDA > BPADA > 6FDA > ODPA. The changes in the refractive index due to 
chemical changes are expected to be similar for the different bridging groups. Therefore, the 
differences in the mobilities of the networks are the probable cause of the distinct changes in the 
refractive indices of the different bridging groups. For all networks, a similar amount of water is 
removed. However, in the more rigid networks of the BPDA- and PMDA-based layers, the 
shrinkage is less pronounced. This corresponds to a relatively high free volume in the imidized 
networks with the short bridging groups, which is further substantiated by a larger change in 
their refractive index during the imidization step.  
50 100 150 200 250 300
0.95
0.96
0.97
0.98
0.99
1.00
0 50 100 150 200 250 300
0.95
0.96
0.97
0.98
0.99
1.00
R
el
at
iv
e 
re
fra
ct
iv
e 
in
de
x 
(-)
Temperature (°C)
ODPA
BPADA
BPDA
6FDA
PMDA
R
el
at
iv
e 
re
fra
ct
iv
e 
in
de
x 
(-)
Time (min)
  17
Density change upon imidization. The densities of the poly[POSS-(amic acid)] films change 
during imidization due to shrinkage and water removal. Figure 5 shows a comparison of the 
changes in refractive index between the poly[POSS-(amic acid)]s and the poly(POSS-imide)s. 
All measurements were performed at 50 °C and, therefore, include any structural rearrangement 
that occurs during the cooling step that follows the imidization.  
 
Figure 5. Changes in the refractive index at 50 °C as a result of imidization for the 5 dianhydride 
precursors.  
The refractive indices of the amic acids are similar f or the materials prepared with the 5 different 
precursors. A strong decrease in the index was recorded for the short bridging groups PMDA and 
BPDA, whereas only a minor change was recorded for the BPADA, 6FDA and ODPA samples. 
Changes in the refractive index can occur due to chemical group conversion, removal of a 
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component and densification. The changes in the refractive index due to imidization and water 
removal are similar because all materials display a similar mass loss and number of amic acid 
and silanol groups. Therefore, the significant difference in layer shrinkage is the only 
explanation for the differences in the change in refractive index upon imidization. For the 
BPADA-, 6FDA-, and, to a lesser extent, ODPA-bridging groups, the shrinkage is significant. 
For these materials, the overall changes in refractive index due to densification, chemical group 
conversion and water removal are negligible. For the PMDA- and BPDA-bridging groups, only 
minor shrinkage is observed because of the decreased mobility of the network. The absence of 
densification upon removal and chemical group conversion results in the formation of void 
space. The additional free volume that is created in the PMDA- and BPDA-based materials 
results in a decrease in the refractive index. 
Kinetic analysis of the reactions using isoconversional and multivariate analyses.  
As discussed in the previous sections, upon heating to 600 °C, four distinct steps are considered 
for the thermal evolution of the mass of the poly[POSS-(amic acid)]s: drying (1), imidization (2), 
silanol condensation (3), and decomposition of the organic moieties (4). The imidization step (2) 
significantly overlaps with the drying step (1); in the kinetic analysis, these steps will be 
considered a single step, referred to as step 1+2. Step 1+2 is responsible for ~16% of the mass 
loss, and the imidization step may constitute only a small part of this mass loss. Step 3, which is 
responsible for ~5% of the mass loss, is associated with water release from the condensation 
reactions of the silanol groups that were formed via the partial hydrolysis of the POSS-cages 
during the synthesis. Step 3 may partially overlap with the final stages of the imidization 
reaction (2), but the condensation reactions are anticipated to dominate the observed mass loss. 
Step 4 is associated with the decomposition of the hybrid materials.  
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Determination of the activation energy via isoconversional analysis 
Here, the reaction kinetics of the poly(POSS-6FDA) material are analyzed. The reaction kinetics 
are typically expressed by three parameters for every step i: the pre-exponential constant A, the 
reaction model f(α), and the activation energy Ea (see Equation 1). First, the activation energy as 
a function of mass loss is determined without assuming a reaction model, using a model-free 
isoconversional analysis method proposed in the literature.31-33 To accomplish this goal, the mass 
loss is converted to the normalized conversion α. Drying and imidization (1+2) are detected in 
the range α=0-0.16, silanol condensation (3) is detected for α=0.16-0.21, and decomposition (4) 
for α=0.21-1. The results of this analysis, shown in Figure S4 in the Supporting information, 
clearly indicate the existence of the three different steps. The combined step 1+2 and step 3 are 
associated with activation energies of ~225 kJ mol-1 and ~150 kJ mol-1, respectively. Step 4 
shows an activation energy that gradually increases with conversion from 225 to 400 kJ mol-1. 
In the analysis of step 1+2, the resulting value for the activation energy will be an effective 
average of the activation energies for the removal of physisorbed water and the imidization 
reactions. Imidization can only occur after the removal of the physisorbed water from the amic 
acid group. The apparent activation energy determined in this study is significantly higher than 
the values typically obtained in previous imidization studies, which are on the order of ~50 to 
100 kJ mol-1.18, 19, 27-29 The use of a non-isothermal temperature program can be excluded as the 
cause of this difference,41 and the difference is too large to result solely from the assumption of a 
different reaction model.44 As the differences cannot be attributed to modeling artefacts, the 
hybrid nature of the material strongly increases the activation energy of the imidization reaction. 
It has been suggested that the rotation of the amic acid carbon towards the amide group could be 
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the rate-limiting step during the imidization reaction.45 The rigid characteristics and the high 
degree of network interconnectivity of the POSS cage can hinder the rotational freedom of the 
amic acid groups. 
Determination of the kinetic triplet using a multivariate analysis of the kinetics 
The model-free values for the activation energy are subsequently used as inputs for a 
multivariate analysis of the kinetics, where Equation 1 is integrated for the 3 different reaction 
steps (1+2, 3, and 4). In the fitting approach, all steps are first fitted independently in their own 
temperature range: For step 1+2, this range is 50-250 °C; for step 3, this range is 250-380 °C; 
and for step 4, this range is 380 °C and above. The optimal fit parameters obtained for the 
individual reaction steps are subsequently combined and used as starting values for an overall fit 
of the data over the full temperature range. In this overall fit, the relative weights of the 
individual steps are included as a fit parameter as well.  
Fitting of the drying and imidization steps (1+2) 
For step 1+2, when a single step reaction is fitted to the data in the range α=0.02-0.16, none of 
the 14 reaction models given in [Table S2] adequately capture the data. The reaction order model 
F1 and the diffusional models D2, D3, and D4 describe the shape of the curve better than the 
other models. The inadequacy of the fit, when assuming a single reaction step, is in line with the 
previous suggestion that, for imidization, a diffusional term needs to be added to the commonly 
employed F1-model.29 Fitting the data with two reactions in parallel also does not capture the 
data accurately. To improve the fit, a distributed activation energy can be assumed. This 
approach has been shown to be adequate for a wide range of parallel reactions.46 By combining 
the D4 reaction model (best description of the data from the first fitting attempt) with a Weibull 
distribution of the activation energy, the data can be fitted accurately. The mean activation 
  21
energy of ~225 kJ mol-1, obtained from the model fit, is in agreement with the value obtained 
from the isoconversional analysis. The suitability of the diffusional model can indicate that 
densification of the material limits the reaction rate with increasing conversion. 
Fitting of the silanol condensation (3) 
For the silanol condensation (3), when a single step reaction is fitted to the data in the range 
α=0.16-0.21, the reaction-order model F1 most accurately describes the data. The corresponding 
activation energy is ~150 kJ mol-1. The fit results are found to be completely independent of the 
starting values used for the fit. The suitability of the F1 model implies that the reactivity 
decreases due to a decrease in the concentration of reactive groups. 
Fitting of the decomposition (4)  
For the decomposition step (4), the strong dependency of the activation energy on the conversion 
hints at multiple processes taking place. Therefore, a distributed activation energy is required to 
properly fit the measured data. The onset of the decomposition processes is captured adequately 
using a Weibull-distributed activation energy. This approach does not accurately capture the 
complete degradation process. Because only the onset of decomposition is of interest in this 
study, no further attempts at optimizing a quantitative fit of the data were performed. 
Multistep fit of the reaction kinetics 
The values obtained for the pre-exponential constant, activation energy, and reaction model for 
the individual steps were used as initial guess values for a fit of the data over the entire 
temperature and conversion ranges. In addition, the weights, wi, of the individual steps are 
included as an extra fit parameter, for which w4 is set equal to 1 – w1+2 – w3. The results of the 
overall fit are shown in Figure 6, and the values corresponding to the resulting fit are given in 
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Table 1. The resulting values are insensitive to the starting values and do not deviate strongly 
from the values obtained when fitting the individual steps. This result supports the 
appropriateness of considering the individual steps in the analysis. The high weight of reaction 
1+2 over reaction 3 confirms the strong mass losses during the drying and imidization steps. 
 
Figure 6. Multivariate fit for the thermal treatment of 6FDA-based poly[POSS-(amic acid)] 
under a N2 atmosphere. The symbols depict the experimental data and solid lines represent the 
fit; the dashed lines show the fit residuals.  
Table 1. Kinetic parameters for the thermal treatment of 6FDA-based poly[POSS-(amic acid)] 
under a N2 atmosphere. Step 1+2 and 4 are fitted using a Weibull-distributed activation energy, 
and step 3 was fitted to an F1 reaction model. 
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Conversion Drying and 
imidization  
(1+2, w = 0.141) 
Silanol 
condensation  
(3, w = 0.054) 
Decomposition  
 
(4, w = 0.785) 
A (min-1) 2.62·1024 5.12·1012 3.77·1018 
Ea threshold (kJ mol-1) 200 n/a 295
 (-) 1.65 n/a 3.29
 (kJ mol-1) 26.8 n/a 4.9
Ea average (kJ mol-1)a 224 151.4 299
Reaction model     12/3 1/33 1 1 1
2
       1       12/3 1/33 1 1 12  
      
a The activation energy indicated for step 2 is the only activation energy used for the fit 
 
Conclusions 
Four steps were identified in the thermal processing of poly[POSS-(amic acid)]s: drying of 
physisorbed water (1), imidization (2), silanol condensation (3), and decomposition (4). The 
imidization was found to occur between 150 and 300 °C, independent of the bridging group. 
Because of the comparatively low contribution of the organic bridging groups to the total mass 
of the material, the mass loss during all steps is similar. In contrast to the mass loss, the linking 
group does strongly influence the shrinkage and, therefore, the densification that occurs during 
imidization of the layer. The most pronounced shrinkage is found for the poly[POSS-(amic 
acid)]s with long bridges. In materials with short bridges, the network densification is hindered 
by the rigidity of the bridges. Therefore, the use of shorter bridges results in hybrid polyimides 
with significantly higher free volumes and, thus, lower densities. 
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A kinetic analysis of the imidization step reveals a very high value for the activation energy 
compared to imidization of fully organic poly(amic acid)s. This result is attributed to the high 
degree of interconnectivity and the rigidity of the POSS cages, which impedes the rate-limiting 
rotation of the amic acid groups. The appropriateness of the decelerating reaction model suggests 
that the decelerating reaction rate is due to network densification.   
The combination of TGA-MS and TEA provides unique insights into the structural 
rearrangements in the hybrid materials that can be used for further optimization of thermal 
treatments of hybrid organic-inorganic network materials. 
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